Ecological specialization in plants occurs primarily through local adaptation to different environments. Local adaptation is widely thought to result in costly fitness trade-offs that result in maladaptation to alternative environments. However, recent studies suggest that such trade-offs are not universal. Further, there is currently a limited understanding of the molecular mechanisms responsible for fitness trade-offs associated with adaptation. Here, we review the literature on stress responses in plants to identify potential mechanisms underlying local adaptation and ecological specialization. We focus on drought, high and low temperature, flooding, herbivore, and pathogen stresses. We then synthesize our findings with recent advances in the local adaptation and plant molecular biology literature. In the process, we identify mechanisms that could cause fitness trade-offs and outline scenarios where trade-offs are not a necessary consequence of adaptation. Future studies should aim to explicitly integrate molecular mechanisms into studies of local adaptation.
INTRODUCTION
A fundamental tenet of biology is that ecological specialization occurs because adaptation to different environmental conditions results in costly fitness trade-offs (48, 53, 62, 103, 124) . As no single species occupies all niches, ecologists and evolutionary biologists have theorized that specialization leading to higher fitness in one set of environmental conditions results in lower fitness in another (48, 53, 79, 124, 155) . For plants, the major process leading to ecological specialization is local adaptation to different habitats (92) , which is typically defined as local populations having higher fitness than foreign transplants across habitats (62, 79) (Figure 1a-c) . Despite major interest in linking ecological specialization and local adaptation in plants, researchers have limited understanding of the physiological and molecular mechanisms causing the trade-offs underlying these processes.
Local adaptation occurs because different environmental factors impose different selective pressures across habitats. When a population becomes established in a new habitat, some environmental factors will impose higher selective pressures, while natural selection becomes relaxed for other environmental factors. The overall shift in the selection landscape leads to local adaptation and consequent fitness trade-offs through several possible molecular mechanisms (Figure 1) . Plant ecologists and evolutionary biologists have historically argued that trade-offs in fitness across locally adapted and specialized populations are the result of differential allocation of resources (35, 71, 80, 171) . While the idea that resource allocation plays a fundamental role in driving fitness trade-offs is widely held, little work has been conducted to understand the Mechanism of local adaptation to two environments: population trait means (unfilled squares), population fitness means (filled squares), mean fitness for alternative alleles at an individual locus (filled circles), and the optimum trait values for particular environments (target points). (a) A population locally adapted to environment E 1 that moves into E 2 is maladapted, as it is far from the fitness optimum.
(b) Over time, directional selection in E 2 increases the trait mean of this population. Thus, the population becomes locally adapted to E 2 but is now maladapted to E 1 . This results in a reciprocal homesite advantage pattern of local adaptation. (c) Local adaptation exists when local populations (Pop 1 versus Pop 2 ) have higher fitness than foreign populations in reciprocal transplant experiments. (d) The overall pattern of local adaptation can arise because of individual loci (alleles A 1 and A 2 ) directly causing fitness trade-offs. Locus B shows a pattern differential sensitivity, which can also contribute to differential fitness of populations in transplant experiments.
(e) Alternatively, local adaptation can arise through the combination of multiple loci that have fitness effects in one environment but little or no fitness consequences in alternative environments, a pattern known as conditional neutrality.
mechanisms of stress responses in plants. Most local adaptation studies have been framed as evolving escape, avoidance, resistance, or tolerance mechanisms in response to a set of abiotic and biotic stresses. Each of those stresses has been studied in extensive detail in laboratory settings in a suite of model systems and crop plants. Integrating field-based studies of local adaptation with mechanistic physiological and molecular biology promises advances in multiple areas of plant science. Another major advantage of integrating molecular biology with studies of local adaptation is that it provides an opportunity to understand why trade-offs might not necessarily evolve as a by-product of adaptation to a specific set of environmental conditions. Recent studies of the genetics of local adaptation have often identified loci that are conditionally neutral, which means they affect fitness in one habitat but have little or no effect on fitness in alternative habitats (6, 143, 179) (Figure 1 ). This finding runs counter to the expectation that the overall pattern of reciprocal homesite advantage in local adaptation studies is caused by individual loci that each cause fitness trade-offs (5) (Figure 1) . Major outstanding questions arise from these results: What are the conditions under which we expect trade-offs associated with local adaptation to be strong, and when do we expect those trade-offs to be small or negligible? Identifying the interacting molecular networks underlying local adaptation may help explain why trade-offs are strong for some loci but negligible for others.
In this review, we aim to integrate theoretical and empirical studies in the evolution of ecological specialization with our contemporary understanding of molecular mechanisms of responses to abiotic and biotic stresses. We first provide an overview of different stresses that are common to most plant species and summarize the impacts of those different stresses on plants as well as the inherent trade-offs that may occur when adapting to those stresses. We then highlight recent advances in our understanding of the molecular and physiological pathways underlying adaptation to environmental stresses with particular emphasis on research that has identified mechanisms that could explain why trade-offs occur. Finally, we synthesize the ecological and evolutionary understanding of local adaptation in plants with molecular and physiological mechanisms to achieve a greater understanding of the trade-offs underlying ecological specialization. Overall, we see this review as a step toward establishing a more comprehensive understanding of how plants evolve adaptations to the natural world and how we can leverage that knowledge to improve the resilience of crop species.
TRADE-OFFS IN RESPONSE TO COMMON PLANT STRESSES
Plants have evolved a remarkable array of adaptations to occupy nearly every corner of the terrestrial world. However, no plant is equally successful in all habitats. Local adaptation to these habitats is driven by both biotic and abiotic stresses that differ among habitats, imposing selective pressures to which plant populations must adapt to persist. In this section, we explore some PP70CH14_Lowry ARjats.cls February 13, 2019 12:58 of the best-studied stresses as well as the trade-offs that occur in response to these stresses. We consider both constitutive traits that allow specialized species to survive in persistently stressful environments and induced traits that are expressed only after the onset of stress.
Drought Stress
The timing and duration of soil water availability are among the most important factors driving plant biodiversity and evolution. At a global scale, the diversity of precipitation regimes worldwide usually explains differences in species diversity among geographic regions (45, 86). Adaptations to drought stress are manifold. Plant species cope with drought through escape, avoidance, tolerance, or some combination of all three (13) . Drought escape involves both constitutive and induced changes that allow plants to complete their life cycle before the onset of drought, such as annual flowering plants that set seed before a dry season (50, 74). Drought avoidance, in contrast, is the process by which species maintain water content despite reduced soil water availability (93) . Avoidance ranges from simply closing stomata to preventing transpirational water loss (108) . Desert plants require more extreme adaptations to avoid drought; cacti such as Opuntia spp. conserve water in aboveground tissue, whereas phreatophytes such as Acacia spp. tap into water resources deep belowground to avoid seasonal drought conditions (116, 152) . Drought tolerance encompasses a range of adaptations and plant responses that mitigate the damaging impacts of desiccation and allow plants to recover after rehydration (74, 111) . These three broad strategies for survival in low water conditions illustrate several key trade-offs that affect all plants. Broad patterns relating to drought and growth include a decrease in growth rate during water deficit (30) as well as overall lower net primary productivity in more arid regions (87) . These patterns are driven by fundamental physiological trade-offs between (a) CO 2 acquisition through stomata and water loss through transpiration, (b) safety and efficiency in the movement of water through conductive tissue, and (c) drought avoidance and escape (74, 108) . Selection on plants to optimize gas exchange in different environments likely drives much of the variation in leaf morphology and physiology. CO 2 uptake through stomata is necessary for plant growth but results in water loss through transpiration. Plant species reduce transpirational water loss with morphological adaptations such as trichomes (16) , thick cuticles (106), and leaf shape (42), which may have the trade-off of reducing photosynthetic leaf area or reducing light that reaches chloroplasts. Physiological mechanisms of water conservation occur in leaves through osmotic adjustment, stomatal regulation (111) , and the evolution of water conserving photosynthetic pathways (C4, CAM) (81) . Reducing transpiration at the leaf level is advantageous in waterlimited scenarios but can hinder growth when water is available. For instance, locally adapted populations of Hypericum perforatum have high water-use efficiency (WUE) and lower growth in more water-limited habitats, but low WUE and higher growth in water-rich habitats (105) .
As water is transported through vascular tissue, the rate of transport affects the whole plant water budget. Plants that move water quickly through large conduits can grow faster but are more susceptible to xylem embolisms under water-stressed conditions. This trade-off has been explored in depth within the safety versus efficiency debate (29, 153, 184) . A weak trade-off exists between xylem safety and hydraulic efficiency for many angiosperm and gymnosperm species (55). However, no species has high safety and high efficiency, but there are some with low levels of both, suggesting that other mechanisms or traits are involved in this trade-off (55). How this tradeoff influences local adaptation to drought-prone habitats is largely unknown, as hydraulic traits exhibit high plasticity across environmental gradients (91, 188) .
Trade-offs may occur among strategies as well. Drought escape, completion of the plant life cycle when water is abundant, involves a set of adaptations to a rapid life cycle. These adaptations 
Low-Temperature Stress
The latitudinal and altitudinal range limits of many species are governed by freezing temperatures and the resulting impacts to plant cell structure (137, 147) . Similar to drought, freezing can also result in cell-level dehydration. When temperatures drop below freezing, extracellular ice creates a gradient that drives water to move from the cell into the extracellular space. Plants generally cope with freezing temperature through two different freezing strategies: avoidance and tolerance (11, 93) . With avoidance, plants prevent freezing via supercooling; with tolerance, they mitigate freezing damage (137) . Freezing avoidance consists of preventing ice formation by increasing the solute concentration and producing supercooling compounds (134, 187) . Freeze-avoiding species with supercooling capacity, such as some boreal forest trees, can maintain their cellular solution in the liquid phase even at −40°C when the plant is cold acclimated (90) . In contrast, freezetolerant plants allow ice formation in the extracellular spaces but prevent cell damage from the crystals by controlling ice growth rate. Owing to cellular dehydration, this strategy stops most biochemical reactions but prevents more catastrophic flash ice nucleation that may occur if leaves capable of supercooling are dropped below threshold levels (156) . Therefore, there is a tradeoff between these strategies. Freezing avoidance is advantageous because damage is completely prevented. However, if the temperature drops below a threshold, flash freezing can cause more damage than would occur in freezing-tolerant species.
Cold acclimation refers to physiological changes in response to low nonfreezing temperatures that contribute to greater freezing tolerance (162) . Acclimation starts at the end of the growing season with plant senescence and can be further increased at subzero temperatures. The acclimation process differs between species but often involves biochemical changes such as increased sugar concentration in tissues and changes in membrane lipid composition to prevent freezing damage (162) . The costs associated with an acclimation response include decreased growth due to sugar metabolism in tissues (114) and cell membrane disruption (195) . However, acclimation in Arabidopsis species yields no cost and may even increase fitness (189, 195) . This suggests that the physiological changes associated with freezing tolerance may not interfere with growth. Costs for freezing avoidance have not been directly examined.
Flooding Stress
Compared with a lack of water, an excess may have equally damaging effects on plants. Gas exchange for immersed roots and shoots is greatly reduced, thus interrupting photosynthesis and respiration as well as trapping volatile organic compounds inside tissues (8) . Variation in flooding regime in natural habitats affects species distribution and richness in mesic biomes (148, 176) . Plants adapted to aquatic or semiaquatic habitats illustrate some mechanisms to survive flooding. High photosynthetic rates allow many amphibious species to continue growth despite light attenuation through water (18) . Immersion-adapted trees such as Avicennia spp. and Taxodium distichum produce aerial roots that exchange gases above the water surface (78) . Many aquatic species possess excess aerenchyma, which provide an internal pathway for gas exchange from plant parts above floodwaters to submerged parts (141).
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Because flooding is an inherently stochastic stress, terrestrial plant species must rapidly and reliably induce responses. Plant responses to excess water typically include either escape or quiescence (tolerance). Flood escape is mediated by morphological changes by which plants improve gas exchange with their environment (8) . For instance, shoot elongation is an escape strategy to keep aboveground tissues out of the water and allow gas exchange. Shoot elongation is a costly mechanism because a high amount of energy and carbohydrates must be allocated for cell division in the petiole or stem. Costs are offset by benefits only if the leaf blades can outgrow the floodwater, reach the atmosphere, and resume photosynthesis. However, if the escaping plants cannot outgrow the floodwater in deep prolonged floods, they may run out of energy stores before reaching the water surface. Thus, the escape strategy is dominant in niches with longer flooding incidents (32). In these niches, investing in rapid growth is rewarded by improvements in gas exchange. For instance, deepwater rice is adapted to environments with prolonged floods and, thus, escapes from flooding through enhanced growth (82, 175) . Contrary to the name deepwater, this strategy can be maladaptive in regions with deep flooding, because rapid growth depletes resources and may not allow the plant to reach the water surface. Another mechanism categorized as an escape strategy is development of aerenchyma at the center of leaves and stems. This interconnected gas-filled space provides an effective means to transfer oxygen from aboveground tissues to submerged roots. Many wetland species possess constitutive aerenchyma in their root system as an adaptation to wet habitats, while others may increase aerenchyma production when ethylene accumulates in roots (75) .
Plants that employ the quiescent strategy suppress growth and use their energy for basic metabolic pathways (8) . This strategy is associated with fitness advantages in plant species adapted to regions with transient flash-flood incidents or deep floods. In the quiescence trajectory, plants undergo drastic metabolic shifts to anaerobic metabolism. Cytosolic glycolysis is increased to produce ATP in the absence of oxygen through fermentation. By going through this anaerobic metabolism, plants face an energy crisis because ATP production is inefficient compared with aerobic metabolism. Thus, under hypoxic conditions, the resources are allocated to essential metabolic pathways that improve survival (8) . For instance, the quiescent strategy is associated with downregulation of some ATP-demanding metabolic pathways such as ribosomal biogenesis (21) . In contrast to deepwater rice, lowland rice cultivars use a quiescent strategy and do not elongate their shoots in response to flooding (177) . Quiescence can allow survival under submergence, but there is a critical trade-off with growth rate due to metabolic changes.
High-Temperature Stress
In cool-season plants, heat stress is often the primary factor that limits overall productivity (122, 180) . Heat stress denatures and aggregates proteins, destabilizes membrane lipids, and decreases the effectiveness of rubisco (33, 180). In response to elevated temperatures, plants open stomata to cool leaves through evapotranspiration. However, if water is limiting, leaf cooling is costly, which is why the combination of heat and drought can be so damaging. Variation in leaf morphology plays a major role in leaf temperature as well. Leaves that are thinner, more lobed or dissected, and orient away from the sun have greater convective cooling than do broad leaves (178) . However, evolution of morphological changes can come at a cost, as smaller dissected leaves have less surface area for photosynthesis. Chemical changes occur in response to heat stress as well, though tradeoffs are less well understood. Many plants produce heat stress proteins (Hsps) and heat stress factors (Hsfs) that initiate heat stress responses and remove protein aggregates that form in high heat conditions (57) (discussed in detail in Section 3).
Although research has focused on the leaf-level consequences of heat stress, elevated temperatures have the greatest impacts on reproductive organs. Pollen fertility is highly susceptible to (131, 135) . In addition, elevated temperatures have profound impacts on the development of seeds postfertilization (121) . For example, high-temperature-stressed micro-and megagametophytes abort fruit and seed development in Brassica napus (192) . In response to heat-induced sterility, plants could change their phenology to flower during a cooler time of the year (1). Such shifts could come at a cost, if they make plant species more vulnerable to stresses that occur at other times of the year or if early flowering results in fewer resources to produce propagules.
Biotic Stresses: Herbivores and Pathogens
Biotic stresses can also have major impacts on the evolution of plant species. However, unlike abiotic stresses, biotic stressors evolve in response to plant adaptations (43, 44). Plant adaptations to herbivores and pathogens have been traditionally classified as either resistance or tolerance. Resistance is analogous to avoidance and includes both physical defenses (such as spines) and chemical defenses that prevent damage by herbivores and pathogens. Tolerance refers to maintenance of fitness after damage (149) , often through compensatory growth in response to damage. These strategies are found in response both to large herbivores such as grazers (158) and to pathogenic bacteria and fungi (149) . Trade-offs for biotic stresses are often portrayed as a balance between resource allocation and either growth or defense (61, 63). Major physiological traits such as total growth, growth rate, and secondary defense compound concentration as well as physical defense traits such as trichomes exhibit trade-offs (47, 65, 161). However, investments in both growth and herbivore resistance appear to increase with more available resources (61). Optimal defense theory predicts that plants mitigate growth-defense trade-offs via dynamic regulation determined by the environment and genetics (61). Such orchestration is well documented for glucosinolates, the defensive compounds of the Brassicaceae family (85, 183) . Glucosinolates accumulate in sink tissues such as seeds and are modulated with mechanisms similar to other source-sink dynamics (24) . In Brassicaceae, glucosinolate levels are regulated by hormones such as jasmonic acid ( JA) and gibberellic acid (GA) that have other functions in regulating growth and development (51) and show a direct trade-off with plant growth (discussed further in Section 3).
Plant defensive compounds vary across space in patterns that are often locally adaptive. Stam et al. (154) conducted controlled infection experiments on population accession of a wild tomato relative (Solanum chilense). Infection rates varied significantly among populations for multiple pathogens along a longitudinal gradient, suggesting local adaptation to differential pathogen pressures across space. Further, recent work by Kooyers et al. (89) investigated the concentrations of secondary defensive compounds called phenylpropanoid glycosides across the latitudinal range of Mimulus guttatus. They found that these concentrations positively correlated with increasing growing season length and concluded that resource allocation is a constraint limiting defense levels. Plants with a shorter period to grow and reproduce could not invest heavily in resistance.
THE MOLECULAR AND PHYSIOLOGICAL MECHANISMS OF LOCAL ADAPTATION
Understanding the molecular mechanisms underlying ecological specialization in plants is crucial for establishing the reasons trade-offs are associated with adaptation. The genes involved in adaptation, whether they encode metabolic enzymes, transcription factors (TFs), transporters, or others, will influence the degree to which an adaptation incurs a fitness cost in alternative 14.8 VanWallendael et al. environmental conditions. Further, many plant responses to biotic and abiotic stresses involve changes in photosynthesis-water relations and are mediated by genes involved in hormone pathways. Likewise, local adaptation to stressful environmental conditions likely involves evolution in the genes underlying plant hormone biosynthesis and perception. Below, we discuss various genes involved in stress responses and highlight how their adaptive evolution could contribute to fitness trade-offs.
Drought Stress
As water deficits impact nearly every physiological process in plants, it is unsurprising that drought networks are highly complex (37, 74, 123) . Despite such complexity, it is clear that signaling pathways triggered by the production of the hormone abscisic acid (ABA) play a fundamental role in plant drought response (13, 34, 74, 164 (27, 123) . Other hormones involved in stomatal regulation (123, 165, 185) include ethylene, cytokinins, and auxins, all of which counteract ABA-dependent stomatal closure. In contrast, brassinosteroids, JA, and salicylic acid (SA) act in concert with ABA to promote stomatal closure (123) . Interactions between the ABA and ethylene pathways increase root growth as well as decrease shoot growth (185) . This network of hormone pathways is further complicated by interactions with reactive oxygen species (ROS) and sugar signaling (37, 123).
It has been challenging to link drought response signaling pathways to natural variation present in plant populations. However, there have been some recent successes. For example, Des Marais et al. (38) cloned a quantitative trait locus (QTL) for WUE variation in Arabidopsis and found that it was caused by a single amino acid substitution in MAP Kinase 12 (MPK12). MPK12 is part of the ROS-mediated ABA signaling cascade in the guard cells of stomata (69) . The natural variant of MPK12 alters ABA-mediated stomatal regulation (38).
Flooding Stress
Unlike many other stress responses, flooding escape often involves increased, rather than decreased, growth through cell elongation. This has a large impact on the transcriptional network underlying flooding escape. Controlled flooding is used to reduce weeds in many rice fields, making it an ideal system to study flooding. Rice exhibits both escape and quiescent strategies that exhibit a direct trade-off in molecular networks. Shoot elongation responses in lowland rice is controlled by a TF belonging to the APETELA2/ERE binding factor family, which is regulated by ethylene (52). Genotypes with this TF have limited submergence-induced shoot elongation and instead tolerate transient flooding via a quiescent strategy. Thus, rice cultivars that have adopted an escape strategy incur a cost to fitness in deep submergence situations. Analyses of the hormonal pathways suggest a mechanism involved in flooding responses in rice. In escape-strategy rice, ethylene promotes ETHYLENE INSENSITIVE 3, which binds to the promoters of SNORKEL 1 and 2 (Figure 2 ). The SNORKEL genes are then upregulated and drive the production of GA, stimulating amylases and expansins to promote growth (177) . In contrast, in rice, ethylene promotes SUBMERGENCE1A, which promotes SLENDER RICE-LIKE1, a GA inhibitor (177) a quiescent response. SUBMERGENCE1A also represses ethylene production and begins ROS amelioration to repair damage from anoxia (177) (Figure 2) . The flooding responses of European Rumex spp. have provided an excellent study system for understanding flooding responses in a natural habitat (176) . Rumex acetosa employs a quiescent strategy to adapt to a rare transient flooding regime, whereas Rumex palustris occupies niches with frequent, prolonged but shallow flooding to which it has evolved an escape strategy through hyponastic growth and shoot elongation (176) . When flooded, both species accumulate ethylene. In R. palustris, this accumulation results in downregulation of ABA and upregulation of GA to initiate the growth response (14, 15) . In contrast, in R. acetosa, ethylene may induce enhanced ABA signaling and a reduction of GA, which results in growth suppression and the adoption of a quiescent strategy (173) . The quiescent strategy involves a transition from aerobic to anaerobic metabolism, mediated by a conserved group of group VII ethylene response TFs (177) . These TFs elevate mRNAs encoding enzymes involved in starch consumption, glycolysis, and processing of fermentation products (177) . These opposing responses of the species highlight the role of GA in 14.10 VanWallendael et al. 
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Low-Temperature Stress
Surviving winter as either freezing-avoiding or freezing-tolerant plants depends on the capacity of those plants to physiologically acclimate to low temperatures. Cold acclimation has two phases: It starts with senescence as temperatures drop and is completed at subzero temperatures (28, 59, 182). In the first phase, a series of molecular changes occur to promote the stabilization of the proteins and lipids of cell membranes, increase the degree of dehydration of cell to mitigate ice nucleation, and initiate detoxification of ROS (28, 60, 157). In the second phase with the onset of cold stress, CBFs activate the expression of the dehydration responsive element/C-repeat genes, which in turn stimulate expression of COR and LEA genes (49). This cascade activates expression of the functional genes responsible for increasing the concentration of sugars and other solutes in the apoplastic space, improving antioxidative mechanisms, producing ABA, accumulating dehydrins, and rearranging the lipids in the membranes (120, 132, 162) . Natural variation in CBFs has been linked to local adaptation across a cold gradient in natural populations of Arabidopsis (54). Among species, a trade-off between freezing tolerance and avoidance was associated with different ABA levels in Hypericum spp. (22) . Because drought, heat, salinity, and freezing stresses often involve cellular dehydration, their regulatory networks are intertwined (115, 164) . The DREB family of TFs, including cold-stress CBFs, is involved in several dehydration-associated stress responses, including drought, salinity, and freezing (115) . Overexpression of DREB/CBF TFs in transgenic crops including chrysanthemum, peanut, potato, rice, soybean, tobacco, tomato, and wheat consistently enhances drought tolerance (see 115 and references therein). DREB TFs may mitigate the impacts of stress, but they also regulate plant architecture and can result in dwarfism (94, 145, 166) , indicating a broad trade-off for this family of stress responses.
During acclimation, meristematic regions accumulate substances associated with freezing tolerance on the plant buds, including LEA-like proteins, carbohydrates, and proline (128, 139, 181) . In orchard grass (Dactylis glomerata L.), the increase of lipid unsaturation and glycopeptide composition of the plasma membrane during the first phase of cold acclimation is associated with the shift in lethal temperature for 50% of the crop from −8°C in October to −18°C in December (191) . Sugar accumulation also enhances freezing tolerance in Miscanthus (128), Arabidopsis (76), maize (64) , Poa annua (39), and sugarcane (41).
High-Temperature Stress
A fundamental induced defense mechanism for response to heat stress in both plants and animals is the increased expression of Hsps and Hsfs (46, 57). Hsfs including HsfA1s are the key transcriptional regulators of heat responses (118), whereas Hsps act as molecular chaperones that stabilize proteins under heat stress (118) . Hsps and Hsfs contribute to immediate response to heat, but they also contribute to acclimation and reduce damage caused by subsequent spikes in temperature (96, 119) . ClpB/Hsp100 proteins compose one of the most critical classes of Hsps. These proteases prevent or dissociate the protein aggregation that occurs as a result of high heat (110) . Transgenic Arabidopsis, maize, and rice with reduced ClpB/Hsp100 expression or synthesis show greatly reduced thermotolerance with a concurrent loss of fecundity (57, 110, 150). Researchers have suggested cellular detection of the misfolded proteins that occur at high heat is a heat stress signal (127 (17, 118, 129) . Whereas SA, ABA, and ethylene all increase, GA, cytokinins, and auxins all decrease in abundance in response to heat (17) . Recent studies have found that ABA plays a critical role in plant responses to the combination of heat and drought as well as to heat and salt stresses (160, 193) . H 2 O 2 produced as a result of heat acts as an ROS signal that HsfA4a senses. HsfA4a propagates the signal through MAP kinases to TFs, promoting the transcription of genes involved in the antioxidant response (129) .
The causes of pollen sterility under elevated temperature conditions have yet to be fully elucidated. Low male fertility and decreased seed filling of plants under heat stress are likely direct results of reduced transport of photosynthate from source leaves to sink reproductive organs (17) . Further, auxin biosynthesis is reduced in developing anthers under elevated temperatures in both barley and Arabidopsis (138) . When exogenous auxins were applied to these plants under elevated temperatures, male fertility was fully restored (138) . The lower auxin production could be a result of downregulation of biosynthetic genes in anthers (138) and/or a consequence of lower available levels of transported tryptophan, from which auxin is derived (194) . Decreased cytokinins resulting from heat have been linked to reduced grain filling (10) . The reduction in plant hormones in reproductive tissues suggests pollen infertility may be a heat avoidance strategy that allows plants to maximize fitness by investing in reproduction only after heat waves. Finally, reduced male fertility under heat stress may be the result of direct impacts of heat on meiosis. Both low and high temperatures cause dramatic increases in the rate of meiotic crossing-over events (19, 98) . Once temperatures reach a critical threshold, the synaptonemal complex in meiosis I fails to form, leading to sterility (19) . To our knowledge, the potential trade-offs associated with maintaining fertility under heat stress have not been evaluated, especially in natural populations. This line of investigation will be particularly critical as climate change increases the frequency of high-heat events globally (68).
Biotic Stresses: Herbivores and Pathogens
Whereas traditional models of herbivores and pathogens have focused on growth-defense tradeoffs at the organismal level (61, 63), recent efforts have focused on elucidating the molecular pathways that underlie those trade-offs (58, 66, 67, 84) . Two broad interacting hormone classes stand out as key interacting elements determining growth versus defense responses to herbivory. Growth hormones such as GA, auxins, cytokinins, and brassinosteroids oppose defense hormones such as SA and JA. JA in particular is a major hub in the herbivore-induced defense regulatory network (58, 66). JA induced by wounding degrades JASMONATE ZIM-DOMAIN through the ubiquitin-proteasome pathway, which releases DELLA proteins and MYC TFs. MYC TFs initiate production of defensive compounds, whereas DELLA proteins repress PHYTOCHROME INTERACTING FACTOR TFs, which limits photosynthesis and cell expansion (58) (Figure 2) . In addition, MYC represses PLETHORA TFs, resulting in decreased root growth (58) (Figure 2) . Increased JA production can also directly stymie GA signaling, which is thought to promote resource allocation to defense at the expense of growth (190) .
Plant-induced defenses are typically grouped into two classes: pathogen-associated molecular pattern-triggered immunity (PTI) or effector-triggered immunity (ETI) (144). In PTI, pattern recognition receptors can recognize and bind to plant-associated molecular patterns, like fungal chitin, that are typically general to a group of pathogen species (72) . In contrast, in ETI, intracellular nucleotide-binding leucine-rich repeat proteins recognize pathogen effectors that are typically 14.12 VanWallendael et al. (117) . However, research on AtNPR1 (Arabidopsis nonexpressor of parthenogenesis-related), the master immune regulatory gene in Arabidopsis, indicates that certain promoters may restrict immune responses to activate only when pathogens are present and therefore rescue many growth trade-offs (117) .
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Even though growth-defense trade-offs are clearly important, manipulative experiments have shown they can be bypassed. Decoupling of the growth-defense trade-off has been achieved through multiple knockouts in the JA pathway (25) as well as via GA complementation to overcome GA suppression by JA (104) . Overcoming growth-defense trade-offs via hormone manipulation further supports a signaling network optimization hypothesis to dynamically maximize growth and defense. A better understanding of the subtleties of hormone pathways involved in plant ecological specialization will require additional understanding of ecological and evolutionary factors such as those that vary along an environmental gradient of locally adapted populations (61).
In addition, an alternative strategy for herbivore response is compensatory growth, or herbivore tolerance (107, 163) , to address tissue losses due to herbivory. Trade-offs between herbivore resistance through defensive compounds and herbivore tolerance have been documented in several species (2, 107, 186). Whereas much research has been dedicated to understanding the molecular pathways underlying trade-offs between growth and resistance, little research has been conducted on uncovering the molecular pathways underlying tolerance to herbivory. Herbivore tolerance is a common phenomenon and likely crucial for maintenance of production of many crops, making it an important target for future research. Further, many observed herbivore resistance responses involve decreased growth, so there may be trade-offs at the molecular level controlling resource allocation to resistance versus tolerance.
THE INTEGRATION OF STRESS RESPONSES AND PATHWAYS WITH ECOLOGICAL SPECIALIZATION
Though many molecular responses to abiotic and biotic stress have been examined in model systems, linking these responses to ecological specialization and local adaptation is challenging. Part of this challenge is that we expect many loci to underlie local adaptation because it often involves multiple phenotypic changes in response to a suite of environmental factors, where each trait change has a complex genetic basis. Studies of the genetics of local adaptation in reciprocal transplant experiments thus far have been restricted to the coarse level of quantitative trait loci and are highly biased toward annual self-fertilizing plant species with restricted gene flow between focal populations (reviewed in 179). Those study systems have, with one exception (3, 125), found far more conditionally neutral loci than trade-off loci underlying local adaptation (179) (Figure 1) . Though many of the conditionally neutral loci could have undetected trade-offs, the results of these studies collectively suggest that the costs of adaptive evolutionary changes at specific loci are often asymmetrically smaller relative to the corresponding benefits. To understand why individual genetic changes contributing to local adaptation to different habitats can have varying degrees of costly trade-offs will require determining the genetic mechanisms underlying those adaptations. 
The Role of Hormone Pathways in the Evolution of Locally Adapted Populations
We hope this review makes clear the importance of hormone and other signaling mechanisms for proper plant stress responses (160, 193) . A major outstanding question is to what extent evolutionary adaptations to different habitats have resulted from changes in the responsiveness of molecular pathways to different stresses. The role hormonal pathway evolution plays in local adaptation provides clues to answering this question. Similar suites of traits have evolved independently for locally adapted coastal, inland, and alpine populations, as first documented in detail by Turesson (168, 169). Inland populations typically are more erect in their architecture and flower earlier (99) . Coastal populations are typically dwarfed and prostrate and have thicker leaves, which reflects adaptations to coastal habitats characterized by salt spray and wind (4, 20) . Alpine populations are also often dwarfed relative to low-elevation inland populations (31). Recent studies suggest that the evolution of locally adapted dwarfed populations is often the result of the evolution of key genes in the GA pathway, especially GA20 oxidases. Dwarfism in both coastal and alpine populations of Arabidopsis is caused by natural variants in the GA biosynthetic gene GA20ox1 (12, 101) . In the yellow monkeyflower, Mimulus guttatus, GA20ox2 appears to have undergone a recent selective sweep in its prostrate coastal populations (56). The GA20ox2 gene in M. guttatus is located within a locally adaptive chromosomal inversion polymorphism, which is the primary locus driving differentiation for multiple traits between coastal perennial and inland annual populations of this species (100). Mutations in GA20ox2 are responsible for green revolution dwarf rice and barley (70, 140) . These studies illustrate how parallel evolutionary changes in hormonal pathways can have similar pleiotropic effects that are beneficial both in local adaptation to particular types of habitats and for agricultural breeding. The evolution of other hormone and signaling pathways are also likely involved in local adaptation. Identifying the genetic changes and how those changes influence the transcriptional networks of plants will be critical for understanding the evolution of trade-offs associated with ecological specialization.
Induced Versus Constitutive Responses and Trade-Offs
Induced stress responses are a form of adaptive phenotypic plasticity that allows plants to persist in a wider range of conditions without incurring costly fitness trade-offs while constitutively expressing stress defenses. In their simplest form the genes that underlie these traits show low expression in the absence of stress but turn on when the plant senses environmental change. For instance, certain heat shock proteins are produced above only a certain temperature (170) . Most stress responses that we have described fall into this category, though their associated costs vary. If the costs of inducing these stress responses are low, plants may not require local adaptation because they can maintain high fitness through plasticity alone (126, 172, 174) . This would indicate general-purpose genotypes that are adapted to a wide range of conditions rather than locally adapted (9, 102) . However, local adaptation is relatively common in plants (92) . This raises the question, what are the limits for induced responses and phenotypic plasticity?
Induced responses expand a plant's niche but are associated with inherent costs. Some authors have proposed that there is a major resource cost of the molecular machinery required to accurately sense and respond to environmental change (113) . With heat shock proteins, the induced response is reliant on a signaling pathway to rapidly sense temperature change. The degree of plasticity in heat stress protein expression may be the result of a trade-off between the cost to the plant to produce this sensory signaling pathway and the cost of constitutively expressing Hsps (88) . Further, induced responses often have limits (113) . A plant may be able to produce enough ARjats.cls February 13, 2019 12:58 Hsps to maintain growth under 30°C but fail at 40°C. Directional selection in hot climates has led to plants with constitutive biochemical and morphological changes that mitigate the effects of heat that induced responses are not able to prevent. However, these plants bear a cost of constitutive morphological changes, as evidenced by the typically slower growth of desert plants (151, 152) . Understanding the costs and limits of phenotypic plasticity is critical for evaluating the potential trade-offs in response to environmental stress, yet these costs are rarely directly quantified in controlled experiments (113).
Transgenic Plants Suggest that Trade-Offs Can Often Be Avoided
Within a plant's physiological limits, environmentally induced expression of certain genes can protect against stress. Until the rise of transgenic technologies, it was impossible to test the fitness effects of specific genes in isolation. However, it has recently become evident that, whereas many genes that protect against stress have a growth or fitness cost, others do not appear to have any deleterious effects. The latter genes have been of great interest to breeders (109) but are equally relevant for understanding the limits of local adaptation. Indeed, transgenic crops expressing Bt pesticidal genes (167) would hardly be economically viable if they showed a growth or fitness cost.
Model systems have provided a wealth of data about important stress-inducible genes. In Arabidopsis, overexpression of the DREB1A gene improves generalized abiotic stress tolerance but also causes growth retardation unless the stress-inducible RD29A promoter is used (77, 83) . Droughtresistance genes have been extensively studied, and Todaka et al. (164) compiled a list of dozens of genes that do not show growth costs. Freezing tolerance can be conferred through induction of CBF genes or the MYBS3 pathway (7, 159). As mentioned above, transgenic heat-shock protein lines do not show growth or fitness costs (23, 130) . Similarly, overexpression of the DNA polymerase II subunit B3-1, which positively regulates DREB2A, confers heat tolerance in rice without growth loss (142) . In addition to Bt genes, researchers have investigated several other pesticidal transgenes, including α-amylase inhibitors (112), lectins (136) , and bacterial-derived toxin TcdA (97), but these genes have not been integrated into commercial production. Although transgenics offer clear examples of production of plants without trade-offs, advances in modern breeding have also led to progress, particularly in reducing yield drag associated with pathogen resistance genes (95) . The many trade-off-free genes found through these studies suggest there is great potential to develop more stress-resistant crops. However, the long-term fitness consequences of these genes are rarely reported, and studies of natural populations will be necessary to understand whether trade-offs for these alleles occur across different habitats. Several questions arise for the next generation of plant biology. Will breeders be able to produce varieties that are successful under a wide range of growing conditions, or are there unpredictable costs that will cause trade-offs across environmental conditions? Will the molecular machinery required to accurately sense environment stresses and to induce an appropriate response result in a significant cost, or will it be possible to engineer general-purpose genotypes?
CONCLUSION
Plant research is now poised to access the genetic mechanisms underlying the evolution of ecological specialization. Elucidating those mechanisms will be crucial for understanding why trade-offs involved in adaptation occur and why some adaptations have smaller trade-offs than do others. In particular, we look forward to advances in understanding how plants evolve regulatory changes that cause shifts in the allocation of internal resources (66) , which has been so often emphasized in the ecology and evolution literature (61 ecological studies, this direction of study is likely to provide insights that can be translated to agricultural breeding. For example, understanding how and why different loci contribute to adaptive trade-offs will be important for improving crop species. Focusing on genetic changes that confer fitness and yield advantages with minimal cost trade-offs could lead to the development of jack-of-all-trades cultivars that maximize yield across a range of environmental conditions.
SUMMARY POINTS
1. Local adaption is essential to the process of ecological specialization in plants. Both theory and recent evidence predict that molecular level trade-offs should be present in transcriptional networks that constrain adaptation to abiotic and biotic stress. Extensive work uncovering these networks has exposed several such trade-offs.
2. Many abiotic stresses are linked through complex transcriptional networks that usually decrease overall growth. The DREB/CBF family of transcription factors is central to this process in Arabidopsis and other species.
3. Many abiotic stress responses result in an increased level of abscisic acid, a pathway that fundamentally trades off with flooding tolerance.
4. Researchers have made major advances in understanding the molecular mechanisms underlying the trade-offs between herbivore resistance and growth. In contrast, the molecular networks underlying herbivore tolerance through compensatory growth have been largely unstudied, despite the importance of herbivore tolerance to understanding plant ecology.
5. Future studies of natural variation in plant hormone pathways will help to reveal why trade-offs do or do not occur between locally adapted populations.
6. Transgenic plants that resist stress have been produced with no visible growth cost, indicating that some advantageous alleles may have negligible trade-offs. These genes are important targets for breeding.
DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the objectivity of this review.
ACKNOWLEDGMENTS
The authors want to especially thank Billie Gould, who kept pushing us to write this review. We also thank Damian Popovic, Caitlyn Byron, Katherine Toll, Amy Wrobleski, Jim Cramton, and Katelynn Walter for contributing useful comments during Lowry Lab meetings as we developed the ideas for this review. This research was financially supported by Michigan State University through startup funds to D.B.L., through the MSU Plant Resilience Institute, and through Department of Energy grants (DE-SC0018409 and DE-SC0017883). 
LITERATURE CITED
